Nature generates densely packed micro-and nanostructures to enable key functionalities in cells, tissues, and other materials. Current fabrication techniques, due to limitations in resolution and speed, are far less effective at creating microstructures. Yet, the development of extensive amounts of surface area per unit volume will enable applications and manufacturing strategies not possible today. Here, we introduce chaotic printing-the use of chaotic flows for the rapid generation of complex, high-resolution microstructures. A simple and deterministic chaotic flow is induced in a viscous liquid, and its repeated stretching and folding action deforms an ''ink'' (i.e., a drop of a miscible liquid, fluorescent beads, or cells) at an exponential rate to render a densely packed lamellar microstructure that is then preserved by curing or photocrosslinking.
Introduction
Complex microstructures are one of the signatures of nature. 1, 2 In natural phenomena and in many relevant applications, the microstructure of a material defines its macroscale functionality. [3] [4] [5] [6] The local rates of reaction, 7, 8 heat and mass transfer, 1 ion and electron fluxes, 9,10 material strength, 2, 5, 11 and other important properties, depend on the extent of the interface between materials. Therefore, controlling the amount of surface area between materials is a key design criterion for the development of artificial tissues, 12 biomimetic structures, 13, 14 reinforced constructs, 11 energy harvesting systems, [15] [16] [17] permeable membranes, 18 sensors and supercapacitors, 10, 19, 20 micro-or nano-sheets 21, 22 and super-catalytic surfaces. 7, 8, 23 State-of-theart three-dimensional (3D) printing (and bioprinting) technologies have shown their potential to create complex architectures for a wide range of applications, including electronics, microfluidics, biomedicine, and art, [24] [25] [26] [27] and their resolution has reached the order of tens of microns. 28, 29 However, these technologies fail to fabricate high resolution multi-layered microstructures efficiently. Most 3D printing platforms rely on the use of printing heads (mini-or micro extruders of polymers) that move in the X, Y, and Z space to deposit streams of a material at a constant rate in a layer-by-layer fashion. [26] [27] [28] [29] Therefore, they are only capable of creating fine microstructures at a linear rate. Bioprinting technologies are even more limited in their resolution (hundreds to tens of microns). 26, 29, 30 Moreover, the precise control of the position of each printed particle is another limitation of the current bioprinting technologies. 25, 30 Here, we introduce chaotic printing: the use of simple chaotic flows to fabricate complex, aligned, and high-resolution 3D microstructures in a controllable, predictable, and reproducible manner in solidifiable materials. We exploit the inherent and well-studied property of chaotic processes of producing the structure at an exponentially fast rate, [31] [32] [33] and use it, for the first time, for micro-fabrication purposes.
Using chaos to fabricate fine microstructures
Chaotic printing adheres to the general definition of printing; namely, a process to reproduce a pattern based on a predetermined template. However, it challenges the paradigms of additive manufacturing. Instead of using moving printing heads and/or a layer-by-layer deposition strategy, chaotic printing relies on the flow itself to do the drawing, much as flow creates a highly convoluted structure when we add cream to our coffee. The choice of materials with high viscosities coupled with low speed mixing enables laminar flow conditions. The selection of specific iterative operational protocols (mixing protocols) originates chaotic flows ( Fig. S1 and S2, ESI †) and develops high resolution, predictable, and complex structures that can then be solidified. Many chaotic flows have been described in the literature; some of these are only theoretical, 33 while others are physically feasible. 34, 35 Our demonstrative model is a finely controlled and miniaturized version of the journal bearing (miniJB) flow, modified from the one reported by Swanson and Ottino 34 ( Fig. 1) . Our miniJB consists of a cylindrical reservoir (outer cylinder) and an eccentrically located shaft (inner cylinder) (Fig. 1a) ; these slowly rotate alternately (one at the time), and in opposite directions according to a given mixing protocol or recipe (Fig. 1b) . A mixing protocol [a1, b1] is fully defined by the counter-clockwise angle of rotation of the external cylinder (a), a momentary stop, and the clockwise angle of rotation of the internal cylinder (b). In this system, we mix at least two components-a viscous fluid polymer and the ink(s)-to generate a simple or regular (Fig. 1e) or complex (Fig. 1f ) lamellar microstructure. A drop of ink (i.e., a pregel drop, a suspension of fluorescent particles, nanoparticles, or cells) is injected into the viscous fluid contained inside the outer cylinder, and the flow [a1, b1] is applied for a number of flow cycles (n) (Fig. 2a and b) .
A chaotic flow exponentially deforms and elongates the drop, increasing the interface between the ink and the viscous fluid, and creating a microstructure at an exponential rate 33, 36, 37 ( Fig. 1f and Movies S1 and S2; ESI †). The process of creation of the microstructure is guided by an intrinsic flow template (flow manifold) that is characteristic and unique for each mixing protocol 33, 38, 39 (Fig. S2 , ESI †). The resulting microstructure can be stabilized within the polymer by curing or crosslinking after any given number of flow cycles (Fig. 2b) . In our experiments, we used gelatin methacryloyl 40 (GelMA) and polydimethylsiloxane (PDMS) as liquid polymers. ‡ Fig. 2c shows a construct fabricated by injecting fluorescent microparticles into a liquid GelMA pre-polymer and allowing the flow to operate for 4 complete flow cycles (n = 4). A chaotic flow was induced by a clockwise rotation of 7201 of the outer cylinder, followed by a counter-clockwise rotation of 21601 of the inner cylinder [7201, 21601] . For the specific miniJB geometry that we used, this protocol induces a globally chaotic flow (Fig. S2 , ESI †) that creates a structure by the repeated reorientation and deformation of the fluid that promotes stretching and folding. 33, 41 Such a simple iterative process drives the development of complex structures, and enables the creation of progressively finer patterns, moving from macro to micro and even nano-scales. The final structure was then solidified by simply exposing the GelMA pre-polymer to UV light for 30 seconds. Since the chaotic flows that we used to print are deterministic (i.e., they are governed by the Navier-Stokes equations of motion), the process of particle convection and the generation of structures can be modelled (Fig. 2) . Our simulations closely reproduce the behaviour of the actual experimental systems; therefore, they enable the prediction of microstructures with specific desired characteristics. For instance, the simple 2D simulations presented in Fig. 2b and d allow an accurate prediction, at a low computing investment, of the structure observed at the top layer of the experimentally obtained construct (Fig. 2c) .
The sole observation of this top layer of the microstructure may convey the idea of the existence of a surface 2D flow. However, our miniJB flow is capable, by design, of producing highly complex 3D flows (and therefore 3D microstructures). The asymmetry in the boundary conditions at the top and bottom fluid layers-the top layer is a free surface while the bottom one is solid and rotates-creates a fully 3D flow. Fig. 2e and f show a cross-sectional image of a PDMS-based construct fabricated through chaotic 3D printing (protocol [2701, 8101] , n = 7) ‡; the structure is evidently 3D, and a membrane-like structure is clearly depicted in the Z plane. Each layer of material, from top to bottom, is topologically different and the geometric features of the entire construct are continuous. The 3D nature of the microstructure generated by our miniJB flow system is described by the computational solution of the equations of motion in 3D ( Fig. 2g and h ). Fig. 2g shows the evolution of the shape of a drop of ink (a cylindrical array of 120 000 massless particles) into a highly convoluted 3D continuous micro-sheet that rapidly invades the flow domain. Our simulations are capable of reproducing, with high accuracy, the characteristic features observed in the experimentally obtained constructs (Fig. 2h ).
Printing at high resolution and speed
In chaotic flows, stretching proceeds at an exponential rate. Consequently, whereas regular flows produce interfaces that grow linearly (Fig. 3a) , chaotic flows develop the structure at an exponential rate (Fig. 3b) ; in a chaotic flow, any material filament grows exponentially in time, closely following the following model:
where L is the length of the filament after n flow cycles, L o is the length of the filament at an initial time, and L is the Lyapunov exponent of the flow. The L value 36,37,42 is a quantity that can be used to estimate the speed of advance of the chaotic process. Therefore, L conveys a profound physical meaning for a chaotic flow: it describes, within a single value, the overall potential for the flow to stretch the material, cause elongation, and generate the structure. Fig. 3 describes the determination of L, based on 2D numerical simulations. We calculated and recorded, every quarter-a-cycle, the evolution of the length of a filament initially located at the centre line between the two cylinders as they rotated at 5 rpm-this was done both for a globally chaotic miniJB case [2701, 8101] and for a regular flow case [2701, 8101] (centred JB configuration). A Lyapunov exponent value of 1.61 cycle À1 was determined from the slope of the linear version of eqn (1) (Fig. 3c ).
Once the L is known, § some simple additional calculations can be done. For example, Fig. 4a shows an estimation of the length of a progressively deformed filament that was produced by the repeated stretching and folding of a fluid segment of 1000 mm in a 2D model chaotic flow characterized for L = 1.61 cycle
À1
. This segment could be elongated into a fibre of 3.13 m length after only 5 flow cycles (equivalent to 3 min at our operational speed of 5 rpm). By comparison, an extrusion-3D professional printer prints at a maximum speed of 1.2 cm s À1 for resolutions of 200 mm. 43 The currently available nozzlebased bioprinting techniques exhibit a speed limit between 10 and 50 mm s À1 for resolutions between 50 and 200 mm. At maximum speed, an average professional 3D printer, and a nozzle-based 3D bioprinter, will print the same segment (3.13 m long) in 43.47 min and 17.38 h, respectively (Tables S1  and S2 , ESI †). Our calculations also suggest that chaotic printing can generate finer features faster than conventional linear printers. In our chaotic printing system, any growing segment of interface has to be accommodated within the finite volume between cylinders, which results in a densely packed microstructure.
Therefore, this exponential growth rate implies the creation of a great expanse of interface 33, 37 in a small area and in a few flow cycles (Fig. 2c and Fig. S3 , ESI †). ¶ In Fig. 4b , we have calculated the evolution in time of the average striation thickness resulting from the repeated operation of an ideal 2D chaotic printer characterized by L § = 2.68 min À1 , an average speed professional 3D printer printing at 1.2 mm s À1 , 43 
an average striation thickness of 10 nm after 10 flow cycles (6 minutes) ( Fig. 4b; Fig. S3 and Table S1 , ESI †). Fig. 4c -e show a PDMS construct obtained by 3D chaotic printing using an ink composed of fluorescent microparticles suspended in PDMS. The multiple sheets of particles were observed in remarkable alignment and packed in a nearly parallel fashion (Fig. 4e) .
Based on a simple image analysis conducted by measuring the sum of the length of particle lines per unit of surface area in that particular plane, B7.10 m per cm 2 of interface was developed in a few flow periods (n = 7). The resolution of this microstructure is exceptionally fine. In agreement with our theoretical estimates, in some regions of the flow, the distance between adjacent lamellae (striation thickness) is less than 10 mm (Fig. 4e-h ), a value that equals or exceeds the resolution of any 3D printer currently available today. The best resolution achievable with a state of the art commercial 3D printer (i.e., Raise 3D N2) and bioprinter (i.e., Inkredible+ from Cellink) is still on the order of 10 and 50 mm, respectively. We calculated the distribution of distances between neighbouring lines (striation thickness distribution or STD) using image analysis techniques (Fig. 4f-h ). Most striation thicknesses reside in the range of 5-20 mm, with a mode peak at 10 mm, following the application of the mixing protocol [2701, 8101] n = 7. The shape of the STD, which deviates from that of a normal distribution and is significantly skewed towards low striation values, is a signature feature in chaotic flows.
33,37
The STD is not homogeneous throughout the entire chaotic flow domain, with some regions of the flow showing more densely packed structures and the distance between striations much lower or higher than the expected average (Fig. 4e, g and h) .
The process of creation of the microstructure in a chaotic flow is governed by a property called asymptotic directionality (AD), 38, 44 which induces a rapid alignment of all the flow vectors in a chaotic flow to the invariant manifold template of the flow. 39, 42, 45 This natural, strong, and flow-induced alignment results in the creation of very complex and fine (micro) structures, replicated in time and space, with robust and reproducible statistical properties. 33, 37 The added length of the filament aligns to the previously developed structure, thereby creating, at each flow period, a more complicated microstructure composed of a nested family of parallel curves (Fig. 4i-k) . Fig. 4i shows the microstructure generated by the injection of green and red particles at two different times and locations using the miniJB system. Since all injections align to the same flow manifold, we obtained a set of intimately nested curves of different colours. Importantly, our simulations closely predicted this complex microstructure ( Fig. 4j and k) resulting from the injection of more than one ink, confirming the predictability of the architecture of these highly convoluted nested surfaces. Chaotic printing could be a versatile nanofabrication platform as well. Our results of simple calculations in 2D systems suggest that the use of chaotic flows will allow us to fabricate at the nanoscale (Fig. S3, ESI †) . We investigated this hypothesis further by injecting inks, composed of silver nanowires (200 nm in diameter and 25 mm in length), and carbon and gold nanoparticles (50 nm in diameter), into PDMS in a chaotic miniJB flow, and then curing the resulting structure. The distances between the strings of nanoparticles (striation thicknesses) approached values in the nanoscale neighbourhood in a vast portion of the flow domain after n = 4. Inspection by optical imaging and/or scanning electron microscopy (SEM) revealed a fine alignment of the sets of nanoparticles under chaotic flows (Fig. 4l-o) . For example, individual nanowires rotate, similar to fluid vectors, orient and align themselves to the flow template after 4 cycles (Fig. 4l) . We also observed alignment of gold nanoparticles to the flow manifold in chaotically printed PDMS constructs (Fig. 4m-o) , and we measured the STD of the microstructure generated within these constructs. To do this, we cut the PDMS constructs to expose and observe a 2D plane using SEM. We used image analysis techniques to measure the distances between parallel strings of nanoparticles within that plane (Fig. 4p) . The main population of striation distances resides in the order of microns (with a peak at B2.5 mm) in constructs produced by 4 flow cycles.
Taken together, our experimental results and simple calculations demonstrate that the use of chaotic flows will allow us to ''draw'' parallel convoluted nanoparticle lines (or surfaces) at the micro-and nanoscale (Fig. S3, ESI †) . We envision one application of chaotic printing to be the fabrication of highly packed arrays of nanoparticles. Conceptually, the sheets of conductive nanoparticles can be packed at high density within a dielectric or non-conductive material (i.e. PDMS) to enable the fabrication of supercapacitors or simply constructs with tuneable or localized conductivity. In addition, the use of high nanowire concentrations can yield long cables (or conductive sheets) fully embedded within polymer constructs. 46 
Chaotic bioprinting
Next, we briefly explore chaotic bioprinting applications. Nature presents us with many examples of highly efficient catalytic surfaces where multiple enzymes are arranged in high density and proximity. This is one of the strategies that cells use to conduct high efficiency conversion processes, such as photosynthesis in thylakoids, energy production in mitochondria, or glycosylation in the endoplasmic reticulum. [47] [48] [49] We used 3D chaotic printing for the fabrication of convoluted bioinspired bio-catalytic surfaces (Fig. 5a ), similar to those presented in Fig. 2f . A system of two sequential reactions, glucose oxidation and hydrogen peroxide conversion, was taken as our model (Fig. 5b-e) . We independently immobilized biotinylated horseradish peroxidase and glucose oxidase on polymer nanoparticles, and co-imprinted them in a GelMA 40 pregel construct in order to fabricate a convoluted multi-lamellar structure containing both enzymes immobilized in close proximity (Fig. 5c-h ). The addition of glucose to the construct then triggers an oxidation reaction mediated by the glucose oxidase to produce hydrogen peroxide. This is then used as a substrate by the peroxidase. The reaction is indicated by the development of red fluorescence due to the oxidation of Amplext red (Fig. 5e) . The reaction front is localized in the regions where the second enzyme, the peroxidase, was immobilized ( Fig. 5f-h ). The extent of the reaction, as revealed by the intensity of red fluorescence, is proportional to the density of the nanoparticles functionalized with peroxidase (Fig. 5b) . The progression of the reaction in time can be followed by taking successive snapshots (Fig. 5i-l) .
The facile creation of convoluted and fine tissue-like structures is an on-going challenge in tissue engineering. 50 Current bioprinting techniques enable the printing of simple cell-laden constructs, where one cell type at a time is printed in one matrix.
A one-step fabrication of fine cell (or tissue) multilayers with an accurate control of alignment and position is not achievable with the currently available bioprinting techniques, but this level of precise control is an indispensable requirement for the creation of multilayered tissue-like constructs. Our miniJB flow allows the printing of multi-layers of one or more particle type (single or multiple bio-inks), within the same matrix and in a single operation (Fig. 6a-c and Fig. S4 , ESI †). Each injection rapidly aligns to the manifold of the flow, due to the property of AD. We used inks composed of HUVEC suspensions and GelMA-VEGF (GelMA covalently functionalized with vascular endothelial growth factor or VEGF 51 ) to print layers of cells in GelMA matrices. This alignment yields a highly ordered structure that closely resembles the multi-layered tissue structures of complex mammalian tissues (e.g., skin, cancerous tissue encapsulated in healthy organs, pancreatic tissue, and brain pathways). 52 Chaotic bioprinting is cell friendly. The cells are minimally exposed to shear forces during injection with conventional pipettes and later during exposure to laminar flows. We observed mammalian cell viability in the range of 90 to 97% after printing. Cells preserved their original seeding position during the first 96 hours of culture ( Fig. 6a and b) , spread at later times, using the flow structural template, and reached across lines to establish connections between neighbouring lamellae to develop complex tissue-like structures (Fig. 6d, e and Fig. S4 , S5, ESI †). As shown earlier, the resulting structure can be accurately predicted by CFD simulations (Fig. 6c) . The microstructure fabrication strategy proposed here can be applied to many relevant biological and biomedical engineering scenarios, ranging from the study of fundamental questions related to cell-cell interactions at microbial communities or tissue interfaces to the development of organ-on-a-chip platforms. Fig. 6f shows a 3D printed construct containing both MCF7 (breast cancer cells, red stained) and MCF10A (noncancerous breast tissue fibroblasts, green stained). A significant amount of interface between the cancerous and normal cells develops after 3 flow cycles. At low cycles, the different degrees of intimacy between cancerous and normal tissue can be observed at different locations within the same construct (Fig. 6f-h ). This enables the study of the effect of a variety of degrees of spatial interaction between cancerous and healthy tissue under the same experimental conditions. Greater intimacy between different types of cells can also be achieved simply by increasing (Fig. 6k) . Also, the STD (and the degree of intimacy between cell types) can be tuned by selecting different mixing protocols; protocols with higher L generate greater intimacy in fewer cycles (Fig. 6l) . The results can be anticipated through simulations or experiments using simpler model systems, such as particles and PDMS. The use of two or more polymers to fabricate composites with long embedded sheets (and therefore high interfacial surfaces) might also have diverse and relevant applications. We conducted chaotic printing experiments in which a drop of gelatin was dispensed in the GelMA pregel in our miniJB flow. In these constructs, only the GelMA fluid pregel is crosslinked after exposure to UV light; the gelatin sheet, rhodamine stained, remains as a soft gel and serves as a sacrificial component that melts rapidly at 37 1C, leaving a convoluted empty space in the form of an embedded continuous microstructure (Fig. S4, ESI †) . We envision the use of this simple technique for the fabrication of convoluted sacrificial microstructures that might improve the mass transfer within thick cell-laden constructs or for the design and fabrication of micro-vasculature in tissue engineering applications.
Since the chaotic flows we used are deterministic, the dynamics of the printing processes is governed by the equations of motion that are solvable numerically for laminar regime conditions. Therefore, the outcome of the printing process, the resulting microstructure, is predictable for any given chaotic flow system.
Chaotic printing might be a powerful enabler. Remarkably complex microstructures can be fabricated, in a predictable manner, within solidifiable polymers and hydrogels, using chaotic flows generated in a simple ''lab-made'' printer composed of stepper motors and an Arduino-based controller ( Fig. 1 and Fig. S6 , ESI †). We conducted experiments and simulations using another chaotic flow. In principle, any research group would easily be able to produce a version of a chaotic printer with a minimum investment. We have mainly presented 3D printing experiments and simulations using different JB protocols. However, in principle, any realizable chaotic flow could be used as a chaotic printer.
We envision chaotic printing as a versatile micro-and nanofabrication platform that can be applied for the facile creation of constructs with unique properties: composites containing hundreds of meters of interface per area unit between materials, long filaments or sheets with a highly defined geometry embedded within hydrogels, thin and conductive sheets within insulating polymeric matrices, catalytic surfaces bioinspired in the architecture of internal cellular membranes, and tissue-like living structures.
Conclusions
Chaotic printing is a technological platform rooted in strong fundamental concepts. Chaotic flows exhibit an ability to create a self-similar microstructure at an exponential rate 33, 36 due to their inherent properties, which include the existence of a unique flow intrinsic template and AD. The iterative character of a chaotic flow enables the creation of progressively finer patterns, moving from macro to micro and nano-scales. Ink drops will rapidly elongate by the action of the chaotic flow to produce 3D sheets with a total length that will grow exponentially and rapidly to reach hundreds of centimetres after a few flow cycles. In volume preserving systems, this exponential increase in length aligned to the flow manifold will necessarily imply a contraction in other dimensions.
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